Neurons and other cells require intracellular transport of essential components for viability and function. Previous work has shown that while net amyloid precursor protein (APP) transport is generally anterograde, individual vesicles containing APP move bi-directionally. This discrepancy highlights our poor understanding of the in vivo regulation of APP-vesicle transport. Here, we show that reduction of presenilin (PS) or suppression of gamma-secretase activity substantially increases anterograde and retrograde velocities for APP vesicles. Strikingly, PS deficiency has no effect on an unrelated cargo vesicle class containing synaptotagmin, which is powered by a different kinesin motor. Increased velocities caused by PS or gamma-secretase reduction require functional kinesin-1 and dynein motors. Together, our findings suggest that a normal function of PS is to repress kinesin-1 and dynein motor activity during axonal transport of APP vesicles. Furthermore, our data suggest that axonal transport defects induced by loss of PS-mediated regulatory effects on APP-vesicle motility could be a major cause of neuronal and synaptic defects observed in Alzheimer's Disease (AD) pathogenesis. Thus, perturbations of APP/PS transport could contribute to early neuropathology observed in AD, and highlight a potential novel therapeutic pathway for early intervention, prior to neuronal loss and clinical manifestation of disease.
INTRODUCTION
Presenilin (PS) is a ubiquitously expressed, developmentally regulated, multi-pass transmembrane protein (1) . PS is evolutionarily conserved and is found to interact with many proteins (1) . While two PS genes (PS1 and PS2) are found in mammals, invertebrates such as Drosophila have only one PS gene, but alternative splice forms are seen (2 -4) . PS1 and PS2 null mutations in mice and PS null mutations in Drosophila (PSN) are lethal (prenatal in mice and early larval in Drosophila), indicating that PS plays essential roles during development (2, 3) .
There is considerable evidence to suggest that PS is the catalytic component of the gamma-secretase complex, which cleaves amyloid precursor protein (APP). More than 50 other membrane spanning substrates have also been identified to date (5) . PS has been extensively studied in the context of Alzheimer's disease (AD) and more than 150 mutations in PS that cause Familial AD (FAD) (6) have been identified. Recent studies suggest that PS has multiple roles in addition to its function as a secretase (7) (8) (9) (10) (11) (12) (13) . Among the many proposed intracellular and neuronal functions of PS, there is some evidence to suggest that PS may also have a role in the regulation of axonal transport.
Although early work suggested that PS1 can be transported bi-directionally in rat sciatic nerves (14, 15) , and from the entorhinal cortex to the hippocampus via axons of the perforant pathway (16) , several recent observations support a direct role for PS in the modulation of axonal transport (17) . Biochemical and immunolocalization experiments revealed that PS could be found within APP containing axonal vesicles (18) . Recent work also suggests that PS mutations can change the nature of kinesin by affecting its phosphorylation state, thereby affecting the membrane binding of kinesin. In experiments done in neuronal cells, the presence of an FAD mutant PS1 or the absence of PS1 increased GSK3b activity with simultaneous increases in the levels of KLC phosphorylation (19) . However, the amount of kinesin-1 bound to membranes was reduced (19) . Further work suggested that anterograde transport of APP and Trk receptors was impaired in the sciatic nerves of transgenic mice expressing two independent FAD-linked PS1 variants (20) . Together these observations lead to the hypothesis that PS may have an important role in regulating axonal transport. One suggestion is that FAD mutations in PS or reductions of PS decrease kinesin-1 function by stimulating GSK3b activity (19, 20) . This proposal implies that FAD PS mutations or genetic reduction of PS function should have similar phenotypic effects to reduction of kinesin-1. Here, we use genetic, in vivo imaging and highresolution quantitative analysis in Drosophila to directly test the normal role of PS in APP-vesicle transport. We found that PS specifically represses APP-vesicle movement in axons via a pathway that not only requires kinesin-1, but also requires dynein.
RESULTS

Presenilin genetically interacts with Amyloid precursor protein
We expected that if PS is present within APP-containing vesicles, then PS and APP could have a functional interaction with each other. To test this hypothesis, we first used loss-of-function mutations of Drosophila PS and APP. Drosophila has an APP homolog with high-sequence similarity to mammalian APP throughout the length of the protein, except within the amyloid beta region (21) . In addition, work has shown that APPL is also cleaved (22) (23) (24) at homologous sites similar to mammalian APP. Human APP is also cleaved in Drosophila AD models [Gunawardena unpublished, (25, 26) ]. Previously we found that a deletion of the Drosophila APP gene, appl, caused axonal transport defects (27) . We confirmed this older finding in segmental nerves from mutant larvae that were homozygous for the appl mutation [appl-/Y, (27) ]. These preparations contained accumulations of synaptic proteins such as synatotagmin (SYT) and cysteine string protein [CSP, (27) , Fig. 1A ].
Drosophila has a single PS-like gene (psn) with 50% amino acid sequence identity to human PS1 (28) (29) (30) and two alternatively spliced products (6, 31) . Loss-of-function psn mutations result in lethal Notch-like phenotypes (32, 33) . Similar to mammalian PS, two intramembranous aspartate residues are conserved in Drosophila PS and endoproteolysis also occurs. We used two loss-of-function mutations in the Drosophila PS gene, psnI and psn [143] . psnI is a null point mutation that generates a stop codon and produces a truncated product ending at W278 (33) . psn[143] is a deletion and/or splice site mutation resulting in the deletion of amino acids between the first transmembrane domain and the middle of the fourth transmembrane domain and is thought to encode a loss-of-function allele (Annette Parks communication to Flybase). While psnI2/2 larvae die at early larval stages (1st instar), psn[143]2/2 larvae die at late larval stages (third instar). Using QPCR and two sets of primers to the Drosophila PS gene, we confirmed that heterozygous combinations of psnI2/+ and psn[143]2/+ larvae express reduced amounts of PS mRNA compared with wild-type larvae (Supplementary Material, Fig. S1A ). Larvae homozygous for the psn[143] mutation (psn[143] 2/2, Fig. 1B ), or heterozygous larvae carrying either the psn[143]2/+ or the psnI2/+ genotypes did not show detectable levels of axonal accumulations (Fig. 1C) when stained for CSP, which is similar to wild-type larval nerves. Thus, loss or reduction of PS function alone does not cause any obvious axonal transport defect in Drosophila. To test whether reductions of PS enhanced phenotypes caused by reduction of kinesin-1 or dynein function, we generated heterozygous combinations between PS (psn) and motor protein genes, Table S1 ). Thus, PS does not show any obvious genetic interaction with kinesin-1 or dynein.
To test for genetic interactions between PS and APP in the context of axonal transport, we generated larvae that were double heterozygous for appl and psn mutations (appl2/+; psnI2/+). Strikingly we observed an enhancement of the number of axonal blockages in appl2/+; psnI2/+ larvae compared with what was observed in complete loss of APP larvae (Fig. 1D ). Quantitative analysis of the average number of accumulations in a 50 mm larval segmental nerve length indicated that the extent of accumulations in appl2/+; psnI2/+ was approximately twice as frequent as in a homozygous APP mutant (appl-/Y, complete loss of function, Fig. 1F ) and was comparable with what was seen in motor protein mutants [P , 0.01, N ¼ 10, (27) ]. These larvae also failed to eclose to adults indicating a strong genetic interaction between PS and APP that interfered with development (Supplementary Material, Table S1 ). In contrast, heterozygous combinations between the sunday driver (syd) mutant which functions in the movement of a different class of vesicles (34) , and psn (syd2/+; psn2/+) did not cause axonal accumulations (Fig. 1E , Supplementary Material, Table S1 ), indicating that PS specifically interacts with APP.
To further test the hypothesis that PS and APP functionally interact, we asked whether reduction of Drosophila PS function enhanced phenotypes caused by overexpression of human APP. Previously, we showed that excess wild-type human APP (hAPP) or human APP carrying the FAD Swedish mutation (hAPPSWE) caused axonal blockages within larval segmental nerves and neuronal cell death within larval brains [ Fig. 2A-D ,  Table S2 , (27) ]. The extent of blockages seen in larvae expressing Figure 2 . Reduction of PS rescues human APP-mediated axonal blockages and cell death phenotypes. (A, B) Neuronal expression of human APP (hAPP, A) or hAPP with a familial AD mutation (Swedish) (SWE, B) shows axonal blockages (arrows) as previously described in (27) . Bar ¼ 10 mm. (C, D) Neuronal expression of hAPP (C) or hAPP with a familial AD mutation (Swedish, D) also shows neuronal cell death as seen by TUNEL analysis (27) . Note that these larvae are siblings from the cross APPL-GAL4;psnI/B3 crossed to UAS-hAPP (see methods). (E, F, G, H) Fifty percent reduction of PS with excess of hAPP (hAPP;psnI2/+,E) or hAPP with the Swedish mutation (SWE;psnI2/+, F) completely rescues axonal blockages and neuronal death (G,H). (I) Quantification analysis of the average amount of axonal blocks in 50 mm of larval segmental nerve length indicates that while expression of hAPP or SWE with 50% reduction of PS significantly suppresses axonal blockages, expression of hAPP with 50% reduction of APH-1 or NCT or PEN-2 does not (P , 0.001). (J) Quantification analysis of TUNEL-positive cells indicates that expression of hAPP or SWE with 50% reduction of PS significantly suppresses cell death (P , 0.001). Fig. 1F and 2I) . Interestingly, 50% reduction of PS in the context of excess hAPP or hAPPSWE did not enhance the hAPP-induced axonal blockages but suppressed them as assayed by CSP antibody staining (compare Fig. 2A-E and Fig. 2B and F) . Quantitative analysis revealed significant suppression of the frequency of axonal blockages in larvae expressing hAPP or hAPPSWE with 50% reduction of PS compared with larvae expressing hAPP or hAPPSWE alone (P . 0.001, Fig. 2I ). We also found that 50% reduction of PS with excess hAPP or hAPPSWE suppressed hAPP-mediated neuronal cell death observed within larval brains as assayed by TUNEL analysis (compare Fig. 2C -G and Fig. 2D -H, P . 0.001, Fig. 2J ). Adult viability was not affected when excess hAPP or hAPPSWE was combined with a 50% reduction of PS (Supplementary Material, Table S2 ).
Since PS is part of the gamma-secretase complex, we tested whether the suppression of hAPP-mediated transport phenotypes is specific to PS alone, or whether reduction of other components of the gamma-secretase complex also had similar effects by generating larvae that had 50% reduction of APH-1, NCT and PEN2 (nct EY06883 , aph-1 D35 and a deficiency for pen-2) with excess hAPP. While homozygous mutations of NCT, APH or PEN-2 were larval lethal, larvae containing 50% reduction of these mutations alone were similar to wild-type and did not show any axonal transport defects (Supplementary Material, Table S2 ). In contrast to reductions of PS, 50% reduction of APH-1, NCT, or PEN2 in the context of excess hAPP did not affect the hAPP-mediated transport phenotypes (Supplementary Material, Fig. S2A -C) . Quantitative analysis failed to identify any significant suppression of axonal blockages compared with larvae expressing hAPP alone (Fig. 2J) . Adult viability was also not affected in these larvae (Supplementary Material, Table S2 ). Together, these results indicate that the suppression of APP-induced axonal phenotypes we observed with 50% reduction of PS is apparently preferential for PS reduction.
Reduction of PS increases anterograde and retrograde velocities of APP vesicles but not of SYNT vesicles
It is conceivable that the suppression phenotype we observed with 50% reduction of PS is due to an effect on APP-vesicle motility by PS within axons. To test this prediction, we expressed yellow fluorescent protein (YFP)-tagged human APP (APP-YFP) and tracked moving APP vesicles in living larvae using the GAL4 driver pGAL4-62B SG26-1, which expresses only in a small population of larval neurons (35, 36 Table S3 ). To characterize APP-YFP movement within single-larval axons, we used a customized particle tracking software to analyze data collected at a spatial resolution of 0.126 mm and a temporal resolution of 0.15 s/frame (36) . To quantitatively evaluate how PS affects APP-YFP vesicle movement, we expressed APP-YFP in heterozygous PS mutant larvae (psnI2/+, 50% reduction of PS) and tracked individual moving APP-YFP vesicles and compared the duration-weighted segmental velocities (see Methods) in these larvae with larvae expressing APP-YFP alone (with 100% PS). The duration-weighted segmental velocity reports the average velocity of vesicles during their time of movement (see Methods). Strikingly, we found significant increases in the average anterograde and retrograde duration-weighted segmental velocities of APP-YFP in the context of 50% reduction of PS ( Further examination of vesicle movement in PS-reduced axons also revealed substantial changes in pause durations ( Fig. 3B and C). Significant decreases in anterograde and retrograde pause duration were observed in psnI2/+ but not in psn[143]2/+ (Fig. 3B ), while only a mild significant change was detected in the anterograde pause frequency in psnI2/+ larvae ((P , 0.05, Fig. 3C ). Together, these findings suggest that, in addition to velocity, other parameters of anterograde and retrograde movements are stimulated by PS reduction.
Analysis of the vesicle populations revealed that in larvae containing a 50% reduction of PS (psnI2/+), 54.67% of the measured Table S3 , P , 0.001). Surprisingly, the amount of retrograde vesicles was significantly reduced in larvae that had 50% reduction of psnI2/+; 8.77% compared with 24.24% in APP-YFP larvae (P , 0.01). The percentage of stationary vesicles was also reduced in larvae with a 50% reduction of PS in psnI2/+, 18.36% compared with 31.11% in APP-YFP larvae (P , 0.05). However, no significant changes were seen in the vesicles that reversed, 15.84% in APP-YFP compared with 18.2% in larvae with 50% reduction of psnI2/+. These observations indicate that reduction of PS causes significant changes in the balance of anterograde and retrograde APP vesicles, leading to a bias toward greater anterograde movement (Supplementary Material, Table S4 ).
To test whether the PS reduction effect on APP-YFP vesicles is specific to APP axonal vesicles or whether it is a general property of all moving axonal vesicles, we evaluated the motility of synaptotagmin vesicles using a transgenic line expressing synaptotagmin-EGFP (SYNT-EGFP). Similar to APP-YFP, we evaluated SYNT-EGFP behavior using the GAL4 driver pGAL4-62B SG26-1 in single-larval axons. Strikingly, we found no effect of PS reduction (psnI2/+) on anterograde or retrograde transport of synaptotagmin vesicles. No changes in anterograde and retrograde duration-weighted segmental velocities were observed when PS was reduced in the context of SYNT-EGFP (Fig. 3D , Supplementary Material, Table S3 ). Further, no changes were seen in the distribution of synaptotagmin vesicles for larvae that had 50% reduction of psnI2/+ in the context of SYNT-EGFP (Supplementary Material, Fig. S3D ). Taken together, these observations indicate that PS reduction does not alter the transport of all axonal vesicles and thus, exhibits specificity for a subset that includes APP.
Since PS is thought to be the catalytic component of the gamma-secretase complex, it is possible that increased APP velocities caused by reduction of PS are due to reduction in gamma-secretase activity. To test this proposal, we blocked gamma-secretase activity using a potent and well-characterized gamma-secretase inhibitor compound E (Supplementary Material, Fig. S4A -D, see methods) (37 -39) . Using two in vitro assays, we first evaluated gamma-secretase activity in wild-type larvae and in mouse brains (see methods) and compared them with activity levels in loss-of-function mutations of PS (Supplementary Material, Fig. S4A ). Compared with wild-type larvae, both psn[143]2/+ and psnI2/+ heterozygous larval brains showed reduced levels of gamma-secretase activity (green and blue, respectively, in Supplementary Material, Fig. S2B , compared with red), while psn[143]2/2 homozygous larval brains showed greater reductions of gamma-secretase activity (Supplementary Material, Fig. S4B , orange). Consistent with these findings, 5, 10 and 50 mM concentrations of compound E also inhibited gamma-secretase activity in wild-type larvae (Supplementary Material, Fig. S4A ). Similar concentrations of another potent gamma-secretase inhibitor DAPT (37, 40) also inhibited gamma-secretase activity in Drosophila larvae.
Using compound E, we tested whether the increased velocities of APP vesicles we observed with 50% reduction of PS could be caused by inhibition of gamma-secretase activity. We assayed APP-YFP vesicle motility in APP-YFP expressing larvae that were fed on food laced with 1, 10 and 50 mM concentrations of compound E from the time they hatched until the third instar stage. Control APP-YFP expressing larvae were fed on food supplemented with 1DMSO:10H 2 0 (the buffer used for compound E dilutions) and these larvae were indistinguishable from larvae fed on regular food. Strikingly, we observed significant changes in the retrograde APP-YFP velocities in larvae raised on 1, 10 or 50 mM compound E compared with control APP-YFP larvae raised on DMSO (Supplementary Material, Fig. S5A , Supplementary Material, Table S3 ). At all compound E concentrations, significant increases were seen in the retrograde (P , 0.001) duration-weighted segmental velocities similar to what was observed for 50% reduction of PS (Supplementary Material, Fig. S5A ). However, anterograde APP-YFP velocities were significantly increased (P , 0.001) only in larvae raised on 1 and 10 mM compound E. Taken together, these observations indicate that gamma-secretase activity can influence the transport of APP vesicles.
Faster anterograde and retrograde APP velocities caused by reduction of PS depend on functional motor proteins
It is possible that PS may exert a regulatory function on motor proteins, and that the fast velocities we observed with loss of PS function might be a consequence of this regulation, although we do not observe any genetic interaction between PS and motor proteins and a direct biochemical interaction has not been reported. To test this prediction, we generated larvae with 50% reductions of PS (psn I 2/+) and kinesin-1 (khc 8 2/+) in the context of APP-YFP (see Methods) and compared them with larvae with 50% reduction of PS in the context of APP-YFP but without kinesin-1 reduction. Previously, western blot analysis showed that removal of one functional KHC gene using genetics caused approximately a 50% reduction of both KHC and KLC proteins (36) . Membrane flotation analysis indicated that 50% reduction of KHC leads to a reduction in the amount of kinesin-1 that is associated with vesicles (36) . Thus, we expected that reduction of the KHC gene results in the reduction of the function of the entire kinesin-1 motor complex.
We found significant reductions in both the PS-mediated fast anterograde and retrograde APP-YFP vesicle velocities in larval axons that were expressing APP-YFP with psn I 2/+ and khc 8 2/+ (Fig. 4A , Supplementary Material, Table S3 ). The anterograde duration-weighted segmental velocities were significantly reduced (P , 0.001) in psn I 2/+; khc 8 2/+ compared to psn I 2/+ alone. The retrograde duration-weighted segmental velocities were also reduced (P , 0.05). Consistent with the changes in duration-weighted segmental velocities, the anterograde (P , 0.001) and retrograde (P , 0.01) average segmental velocities were also significantly reduced (Supplementary Material, Fig. S6A ). In addition, a significant increase in anterograde (P , 0.001) and retrograde (P , 0.01) pause duration was seen with simultaneous reduction of PS and KHC (Fig. 4C) , while a significant increase was seen only in the anterograde pause frequency with simultaneous reduction of PS and KHC (P , 0.01, Tables S3, S4) . From these data, we conclude that there is a genetic interaction between PS and kinesin-1, and that the increases in velocity observed with PS reduction are due to kinesin-1. Thus, the fast anterograde velocities observed for APP vesicles in the context of reduction of PS are dependent on the amount of functional kinesin-1.
To further evaluate whether PS also affects dynein function, we generated larvae that had 50% reductions of psnI and roblk (dynein light chain, DLC) in the context of APP-YFP. Previous western blot analysis indicated that removal of one functional DLC gene using genetics caused a reduction in the other components of dynein, DIC and DHC (36) . Thus, reduction of the DLC gene results in the reduction of the function of the entire dynein motor complex. In larval axons expressing APP-YFP in the context of robl k 2/+ and psn I 2/+, we found significant reductions of both the fast anterograde and retrograde velocities of APP-YFP vesicles due to PS reduction (P , 0.001, Table S3 ). These data suggest that from a formal genetic perspective there is a functional interaction between PS and dynein. Thus, PS-induced retrograde velocity increases require functional dynein motors. In addition, our data also suggest that both PS and dynein motor functions are required for the regulation of anterograde velocities of APP-YFP vesicle movement.
We hypothesize that if the number of active motors on APP vesicles determines the increased velocities we observe, then the distribution of velocities should show shifts in the multiple modal peaks that may reflect differential motor numbers on vesicles (36, 41) . Using statistical mode analysis of vesicle velocity distributions in both anterograde and retrograde populations (36), we further analyzed the APP velocities observed with 50% reduction of PS (see Methods). For the control (APP-YFP alone), the anterograde velocity distribution fitted three strong modes (Fig. 5A) , while the retrograde distribution showed two strong modes and a third weak mode (Fig. 5B) . Similar modal distributions were recently observed for APP (36) and PrP c protein (42) . Strikingly, 50% reduction of PS shifted both the anterograde and retrograde mode distributions by almost a factor of 2. The anterograde modes changed from 0.3, 0.6 (2×) and 1.3 (4×) mm/s to 0.5, 1.1(2×) and 2.5 (4×) mm/s (Fig. 5C and Supplementary Material, Table S4 ). The retrograde modes changed from 0.3, 0.7 (2×) and 1.3 (4×) mm/s to 0.5, 0.8 (2×) and 1.8 (4×) mm/ s (Fig. 5D, Supplementary Material, Table S4 ). In both cases, a 1:2:4 ratio of mode averages is preserved (Fig. 5I and J) . Fifty percent reduction of kinesin with 50% reduction of PS completely rescued the three anterograde modes back to what was observed for APP-YFP alone (Fig. 5E and F) . Similarly, 50% reduction of dynein with 50% reduction of PS also rescued the three retrograde modes back to what was observed for APP-YFP alone ( Fig. 5G  and H) . Together, these observations indicate that the modal changes in velocity distributions we observe with reduction of PS are the result of changes in kinesin and dynein motors, suggesting that loss of regulation of motors can contribute to increased activity changes.
Reduction of PS increases the net amount of anterograde APP vesicles
Since the reduction of PS increased the proportion of anterograde vesicles, and decreased the proportion of retrograde vesicles, we evaluated whether PS also influenced the net movement of APP axonal vesicles. To test this, we set equally distributed monitoring points along the axon and examined APP-YFP vesicle movement in two different ways. First, we checked APP-YFP vesicle movement as defined by the average number of vesicles passing per second in the anterograde and retrograde directions in different genetic backgrounds. Our data revealed significant increases in the number of both anterograde and retrograde vesicles with 50% PS reduction compared with wild-type. Specifically, the number of anterograde vesicles passing a fixed point increased by approximately 6-fold from 0.36 vesicles/s to 2.23 vesicles/s, whereas the number of retrograde vesicles passing a fixed point increased by approximately 2-fold from 0.22 vesicles/s to 0.50 vesicles/s (Fig. 6A and B) .
Although PS reduction increased the proportion of anterograde and retrograde vesicles ( Fig. 6A and B) , it is unclear whether this translates to increased amounts of APP being transported in these vesicles. To test this, we estimated the amount of moving vesicular APP by measuring the average intensity of vesicles passing per second in the anterograde and retrograde directions in different genetic backgrounds. Assuming that the amount of APP scales with the level of YFP, our data revealed significant decreases in average intensity with 50% PS reduction, indicating that reduced amounts of APP are present in moving vesicles (Fig. 6C and D) . We also found that the intensity distribution becomes narrower with 50% reduction of PS ( Fig. 6E, P , 0 .001). Since we could estimate the number of vesicles moving per second (Fig. 6A) , and we could estimate the relative fluorescence intensities of the moving vesicles (Fig. 6B) , it is possible to estimate the relative amounts of APP moving in anterograde and retrograde directions and how PS deficiency affected these amounts (Table 1) . In control animals, there is an excess of anterograde relative to retrograde APP movement, such that there is a net anterograde movement of 17AU/s (AU ¼ arbitrary units of fluorescence intensity) or a 1.64-fold excess of anterograde APP movement. Strikingly, when PS is reduced by 50% both anterograde and retrograde transport increase (Table 1) , but the anterograde increase is larger and causes an excess of 183AU/s or a 4.5-fold excess of anterograde over retrograde APP movement. Another way to view these numbers is that PS reduction increases the anterograde APP-vesicle supply by 10-fold. If this is the case then the cell body sorting of APP to the axon must also increase 10-fold. Indeed strikingly, we observe that cell body fluorescence of APP-YFP is increased (Fig. 6E -G) with reduction of PS, indicating increased APP sorting. The cell body increases we observe were not due to variations in APP-YFP expression from larva to larva since no significant changes were observed (n ¼ eight cell bodies from three larvae, Fig. 6H ). Taken together, these observations indicate that reduction of PS increases the net amount of APP anterograde vesicles. Perhaps the enhanced supply of APP that is transported in the anterograde direction represents APP C-terminal fragments that are more stable owing to reduction in g-secretase cleavage.
DISCUSSION
We have found a novel function for PS in axonal transport of APP vesicles using genetic analysis, in vivo imaging coupled with single particle tracking and high-resolution computational analysis. Specifically, our observations allow us to infer a role for PS in the repression of kinesin-1 and dynein activity on APP vesicles in axons. We report that PS reduction dramatically stimulates anterograde and retrograde movements with anterograde stimulation more dramatic than retrograde, such that there is a large increase in net axonal APP transport when PS is reduced. These findings have important implications for our understanding of the role PS plays in the regulation of APPvesicle motility by kinesin-1 and dynein motors in vivo within axons.
PS normally represses kinesin-1 and dynein motor activity on APP axonal vesicles
Recent studies suggest that PS can influence GSK3b activity to affect kinesin-1 mediated axonal transport (6, 19, 20) . These studies reported decreased vesicle movement in axons in fixed material according to the criteria of vesicle staining in cultured neurons or by decreased APP accumulation in sciatic nerve ligation experiments when a transgenic PS1 mutant was expressed. However, our genetic interaction and in vivo imaging studies showed that PS loss of function was not equivalent to kinesin-1 loss of function. Our direct in vivo observations of live APP-vesicle movement in larval neurons revealed that the role of PS in APP-vesicle motility might in fact be opposite to that originally suggested.
Previously, loss of function of PS1 or the PS1 M146V mutation was reported to increase activated GSK3b, which is thought to increase the phosphorylation of kinesin, thereby leading to reduced binding of kinesin to membranes (19) . Furthermore, anterograde transport of APP and Trk receptors was apparently impaired in sciatic nerve ligation analyses of two transgenic FAD mutations of PS1 by immunofluorescence (20) . However, we find that PS reduction specifically influences the bi-directional movement dynamics of a specific cargo, APP, such that both anterograde and retrograde velocities are increased together with the overall anterograde transport of APP substantially increased (Figs 3 and 6, Supplementary Material, Fig. S3 , Supplementary Material, Table S4 ). The anterograde movement changes are clearly dependent upon kinesin-1 and the retrograde changes are dependent upon dynein (Fig. 4,  Supplementary Material, Fig. S6 ). Evidence that these effects by PS on APP-vesicle transport are not global comes from the observation that PS reduction does not affect the behavior of synaptotagmin vesicles, which uses kinesin-3 (Fig. 3D , Supplementary Material, Fig. S3D ). Thus, PS appears to normally regulate the transport of APP vesicles by repressing kinesin-1 and dynein motor activity.
Our results also demonstrate that PS influences both kinesin-1 and dynein motors, while previous work only showed a role for PS with kinesin-1. There are at least three possibilities to explain why our work differs from previous work. One possibility is that by directly studying movement behaviors in vivo in real-time, we can evaluate behavior that is simply missed by analysis of fixed material or by accumulation experiments in sciatic nerve ligations. A second possibility is that the sciatic nerve ligation experiments only evaluated full-length APP and did not resolve CTFs. It is possible that the movements we see are of fulllength APP and CTFs, since the tag we used is on the C-terminus of APP. A third possibility is that the mutations studied in the previous work were not null mutations and so may have altered PS protein behavior in a manner different from the heterozygous null mutations that we studied. Finally, and perhaps most likely, it is possible that some combinations of these three possibilities are correct. Perhaps, these influences coupled to the intrinsic axonal injury that occurs during sciatic nerve ligations are responsible. Further work is needed to evaluate the contributions of each of these factors.
Studies also suggest that PS may control kinesin-1 motor activity on vesicles via GSK3beta, which is reported to be inactivated by phosphorylation, when PS is reduced or mutant . Surprisingly, suppression of the fast anterograde velocities of APP-YFP is also observed with 50% reduction of roblk and with 50% reduction of psnI (P , 0.001). Statistical comparisons are determined between APP-YFP;roblk2/+;psnI2/+ and APP-YFP;psnI2/+. (anterograde: psnI2/+ n ¼ 892 tracks; psnI2/+;roblk2/+ n ¼ 334; retrograde: psnI2/+ n ¼ 302 tracks; psnI2/+;roblk2/+ n ¼ 181). (C) A significant increase is observed in the average pause duration for anterograde vesicles in larvae with 50% genetic reduction of the kinesin heavy chain with APP-YFP; psnI2/+ (P , 0.001) and in larvae with 50% genetic reduction of the dynein light chain with APP-YFP; psnI2/+ (P , 0.05), compared with APP-YFP;psnI2/+ (anterograde: APP-YFP; psnI2/+ n ¼ 739 pauses; psnI2/+;khc2/+ n ¼ 536; psnI2/+; roblk2/+ n ¼ 526;retrograde: APP-YFP;psnI2/+ n ¼ 196 pauses; psnI2/+;khc2/+ n ¼ 251; psnI2/+;roblk2/+ n ¼ 230). (D) A significant increase is observed in the average segment pause frequency for anterograde velocities for larvae that have 50% genetic reduction of kinesin heavy chain with APP-YFP; psnI2/+ (P , 0.05) while no significant change is seen for larvae that have 50% genetic reduction of the dynein light chain with APP-YFP; psnI2/+ compared with APP-YFP;psnI2/+. Further, no significant changes are seen for the average pause frequency for retrograde vesicles (anterograde: APP-YFP;psnI2/+ n ¼ 739 pauses; YFP;psnI2/+;khc2/+ n ¼ 536; YFP;psnI2/+;roblk2/+ n ¼ 526;retrograde: APP-YFP;psnI2/+ n ¼ 196 pauses; YFP;psnI2/+;khc2/+ n ¼ 251; YFP;psnI2/+;roblk2/+ n ¼ 230). ( 19, 20) . If this is the case then we expect that PS reduction will decrease anterograde vesicle movement. However, this possibility is rendered less likely by our in vivo finding that PS reduction leads to increases in anterograde APP-vesicle motility (Fig. 3 and Supplementary Material, Fig. S3 ). An alternative possibility is that PS reduction leads to increased APP in vesicles and therefore increased kinesin-1 recruitment to APP vesicles. This possibility also seems unlikely since we calculated that less APP was present on average in axonal vesicles when PS is reduced (Fig. 6, Table 1 , arbitrary vesicle intensity per vesicle), yet the net amount of anterograde APP vesicles transported increased (Supplementary Material, Fig. S3C) . A third possibility is that while APP may recruit kinesin-1 motors, PS reduction may lead to the activation of a larger fraction of kinesin-1 motors or to the greater activation of the kinesin-1 motors that have been recruited. Alternatively, the reduced levels of APP in each vesicle that we calculated when PS is reduced (Table 1 ) might reduce the vesicle size when less APP is present and therefore generate less drag in the potentially crowded axonal environment (43) . Since many factors could contribute to the movement of APP vesicles under physiological conditions within an animal, perhaps a combination of these proposals might be true in vivo.
Differential regulation of motor function by presenilin in vivo
The in vivo velocities of kinesin-1 and dynein driven vesicles when PS is reduced are much greater than velocities seen in vitro. Although considerable biophysical work suggests that changes in kinesin-1 motor protein amounts do not generally alter velocities of cargoes (44 -48) , our work raises the possibility that the in vivo situation is considerably different, and that PS is part of the in vivo regulatory circuit generating these differences. However, consistent with our findings, several studies have previously documented comparable fast velocities for kinesin-1 and dynein driven transport in many different systems in vivo, in contrast to velocities observed in vitro. Ashkin et al. (49) found that mitochondria can move on microtubules as fast as 15 mm/s. Endosomes in cells can be moved by dynein at speeds as fast as 4 mm/s (50). Kural et al. (51) proposed that multiple kinesin or multiple dynein motors can work together to produce velocities up to 10 times the velocities observed in vitro (11.7 m/s). Although the mechanisms of how such dramatic velocities can occur in vivo is not yet known, it is evident that motility rates in vivo can be greatly affected by higher-order regulatory processes (44) . One such process might be the number of active motor proteins present on a single vesicle. The modal distribution of velocities we observe suggests that PS could affect the changes in motor number on APP vesicles to greatly influence the movement dynamics of APP (Fig. 6 ). The 1:2:4 ratio of modal velocities in both anterograde and retrograde movements could indicate the cooperative behavior of 1, 2 or 4 motor proteins [(36) , Fig. 6I and J, Supplementary Material, Table S5 ]. Fifty percent reduction of PS dramatically increases each mode for both anterograde and retrograde velocities (Fig. 6I and J, Supplementary Material, Table S5 ), which is rescued by reducing the number of kinesin-1 and dynein motors. This observation not only indicates the close coupling between kinesin and dynein function, but also suggests that in vivo in axons kinesin-1 and dynein activity is dictated by PS. Consistent with this, previous structural studies show that multiple motors can attach to a single vesicle (52) . Thus, our observations support a model in which PS acts as a 'higher order' regulatory factor, which controls the activity of functional kinesin-1 and dynein motors that are engaged on an APP vesicle under physiological conditions (36, 53) . A key question that must now be addressed is whether the differential regulation we observe with reduction of PS could occur in axonal vesicles containing different cleavage products of APP (54) (55) (56) . Further work is required to elucidate this possibility.
Taken together, we suggest that axonal transport defects induced by loss of PS-mediated regulatory effects on APPvesicle motility could contribute to the neuronal and synaptic defects observed in familial AD pathogenesis. Thus, our work may highlight a potential novel therapeutic pathway for early intervention, prior to neuronal loss and clinical manifestation of disease.
MATERIALS AND METHODS
Drosophila genetics
The loss-of-function Drosophila mutant for the amyloid precursor-like gene (APPL) was obtained from Dr Kalpana White (22 /TM6C. The chromosome carrying T(2:3) CyO TM6B, Tb is referred to as B3 and carries the dominant markers, Hu, Tb and Cyo. Drosophila transgenic lines of human APP (UAS-hAPP695) or human APP with the Swedish mutant (UAS-hAPPSWE) were expressed using the APPL-GAL4 driver at 298C as previously done (27) . Genetic interaction tests were performed as in (27, 35) . For genetic interaction experiments, APPL-GAL4/APPL-GAL4;T(2:3) CyO TM6B, Tb/Pin 88K was generated. APPL-GAL4/APPL-GAL4;B3/ Pin 88K females were crossed to psn I /TM6C males. Males that were APPL-GAL4/Y;psn I //B3 were crossed to females from UAS-hAPP695 or UAS-hAPPSWE and only females were used for analysis. The Tb marker on the B3 chromosome enables us to identify larvae that express hAPP with 50% reduction of PS. To knockdown nicastrin, we used the mutant nct
EY06883
, to knockdown aph-1 we used the mutant aph-1 and to knockdown pen-2 we used the deficiency Df(2R)PC4 and genetic interaction crosses were generated as for psn I . For in vivo microscopy, female third instar larvae were generated by crossing males that were UAS-hAPP-YFP with virgin females that were SG26.1GAL4. Males from this cross are considered as an internal control since they do not express APP-YFP. To evaluate the effect of PS reduction on APP-YFP vesicle movement, we first generated males that were UAS-hAPP-YFP;psn I / T(2:3) CyO TM6B, Tb which were then crossed to virgin females that were SG27.1GAL4 and female non-tubby third instar larvae that are SG27.1GAL4;UAS-hAPPYFP; psn I were selected for imaging. A similar scheme was used to evaluate the effect of the other genes on the gamma-secretase complex. Males that were UAS-hAPPYFP; nct EY06883 /T(2:3) CyO TM6B, Tb, UAS-hAPPYFP; aph-1 D35 /T(2:3) CyO TM6B, Tb, or UAS-hAPPYFP; Df(2R)PC4/T(2:3) CyO TM6B, Tb, were then crossed to virgin females that were SG27.1GAL4. To evaluate the effect of motor protein reductions, we generated a stock that was SG27.1GAL4;khc 
D35
In vivo microscopy
Drosophila transgenic lines expressing human APP Cterminally tagged with a YFP was generated as previously described (35, 57) and females from this line were crossed to SG27.1GAL4 which expresses only in a few neurons. Third instar larvae were dissected on a sylgard platform using Ca2+ free buffer containing the following, NaCl (128 mM), EGTA (1 mM), MgCl 2 (4 mM), KCl (2 mM), HEPES (5 mM) and sucrose (36 mM) as described in Kuznicki and Gunawardena (58) . Dissected animals were inverted onto a cover slip and imaged using a Nikon Eclipse TE 2000-U inverted microscope with a Coolsnap HQ camera and a 100×/1.40NA oil objective. One hundred fifty frames of videos were collected at 150 ms exposure for 22.5 s under the control of Metamorph software. For each genotype, four times lapse movies were collected for each animal; 10 animals were imaged for data analysis; a total of 40 movies.
Immunofluorescence and TUNEL assay: larval dissections, immunofluorescent staining of larval segmental nerves and the TUNEL assay of cell bodies in the ventral ganglia were performed as previously described (27, 59) . In brief, to examine axonal blockages, third instar larvae were dissected in dissection buffer (2× stock contains 128 mM NaCl, 4 mM CaCl 2 , 4 mM MgCl 2 , 2 mM KCl, 5 mM HEPES and 36 mM sucrose, pH 7.2). Dissected larvae were washed in 1XPBST (1XPBT and 0.1%triton) incubated for 1 h at room temperature with antibodies against cystein string protein (CSP, Developmental Studies Hybridoma Bank) or Drosophila synaptotagmin 2 (SYT, Dr H. Bellen) followed by the appropriate fluorophoreconjugated secondary antibodies and mounted using Vectashield (Vector Labs). Larval brains from different genotypes were dissected for TUNEL analysis and detection of apoptotic cells was preformed as previously described (27) using the fluorescein-based cell death kit (Roche). Images of segmental nerves and ventral ganglia were collected with an Optiphot inverted microscope (Nikon) coupled to an MRC1024 confocal imaging system (BioRad). Collected images of segmental nerves and ventral ganglia were analyzed using NIH Image software (RSB, NIH) as previously described (27) . Student's t-test was used to determine significant changes.
Gamma-secretase inhibitor feeding
We utilized two commonly used gamma-secretase inhibitors (60 -65) . Compound E is a potent and well-characterized gamma-secretase inhibitor (37) (38) (39) . Previous studies showed that compound E can completely block Ab generation from APP C100, but only has a minor effect on Notch cleavage and NICD generation (37) . We also use another potent gammasecretase inhibitor DAPT (37, 40) to inhibit gamma-secretase activity in Drosophila larvae. For compound E/DATP feeding experiments, eggs were collected from the cross containing SG27.1GAL4 females and UAS-hAPPYFP males for 12 h at room temperature. Using a brush, the eggs were collected into a fine sieve, washed and placed in a microcentrifuge tube in a suspension of water. Two hundred microliter of egg/water solution was placed in each vial that contained dry food with the three different concentrations or doses of compound E/DAPT or control conditions. Compound E/DAPT was diluted in DMSO to the final concentrations of 1, 10 and 50 mM and mixed with dry food. As a control, DMSO and water were mixed into dry food. Third instar larvae were dissected and examined as described above.
Gamma-secretase activity assay
We used two well-characterized commercially available methods [QCB and R&D, Supplementary Material, Fig. S4A , (63, 66, 67) [143] 2/+, psn I 2/+) and wild-type larval brains were dissected, homogenized in CHAPSO containing extraction buffer and assayed as directed in the two assay kits. The assay was carried out at 10, 20, 30, 40 and 50 mg protein concentrations. No lysate and no substrate negative controls were included. As a positive control and to validate that we can detect activity, extracts from mouse brains were examined. Intensity readings depicting the cleavage of the quenched substrate were taken at 580 nms. Data were graphed using EXCEL. Using both these methods, gamma-secretase activity was detected in both Drosophila and mice. In Drosophila, we found increasing activity with increasing protein concentrations from wild-type larval brain extracts (Supplementary Material, Fig. S4B, red) . To test whether an inhibitor of gamma-secretase inhibits the observed activity, we used compound E at various concentrations. Thirty micrograms of wild-type larval brain extracts were incubated with 0, 5, 10 and 50 mM concentrations of compound E and assayed. Specific inhibition of fluorescence generation by compound E was observed demonstrating endogenous gammasecretase activity in Drosophila (Supplementary Material, Fig.  S4A ). Similar results were seen using mouse brain extracts.
Phenotypes specific to inhibition of Notch in Drosophila (such as wing and eye defects) were also found by inhibiting gammasecretase activity using compound E, similar to phenotypes previously observed for another gamma-secretase inhibitor, DAPT (60) . We found wing defects starting to occur in adult flies at 5 mM with 35% of adults showing wing defects at 50 mm concentration of compound E (Supplementary Material, Fig. S4C and  D) . Very pronounced eye defects were observed in adult flies at 300 mM concentration of compound E (Supplementary Material, Fig. S4E ). Our observations confirm that gamma-secretase activity can be detected in Drosophila larval extracts, and that compound E/DAPT specifically inhibits this activity.
Image data analysis
Image data analysis was performed as described in (36) . Briefly, APP-YFP vesicles in time-lapse movies were detected as single particles as described in (69) . Their full trajectories were recovered using customized software based on a modification of the single-particle tracking technique described in (70) . Since the particle tracking output contained mainly trajectory segments, a further computational process was performed to link these segments to full trajectories. Finally, a manual process was used to recover trajectories that the software was unable to recover. All recovered trajectories were manually inspected so that errors were either corrected or removed. For each genotype, individual cargoes were automatically classified as being either stationary, anterograde, retrograde or reversing. Cargo trajectories of each genotype were then analyzed by calculating different descriptors that characterize the overall distribution of cargo population and individual cargo behavior in terms of velocity, run length, pause and reversal (36) . In particular, to determine the velocity of a specific cargo, its trajectory is first partitioned into segments that are uninterrupted by pause or reversal events. For a given direction, either anterograde or retrograde, duration-weighted segmental velocity of the cargo is defined by its total distance of movement divided by its total duration of movement in that direction. This definition effectively weights cargo velocities within different segments by their durations. This is in contrast to unweighted segmental velocity, which reports the average velocity of a cargo without considering different durations of different segments. Further details as well as other definitions of cargo velocities are provided in (36) .
For vesicle content analysis, a total of 10 monitoring points are distributed along each axon. In a first definition, vesicle movement amounts are calculated as the average number of vesicles passing per monitoring point per second in the anterograde and retrograde directions. In a second definition, we calculated the average intensity of vesicles passing per monitoring point in the anterograde and retrograde directions. The second definition characterizes the amount of APP transported, assuming the amount of APP-YFP is proportional to YFP intensity on individual vesicles. All data analysis was conducted using customized software written in MATLAB (Mathworks) and C++.
The modes of transport velocities were determined using a standard statistical analysis method, which is described in Fraley et al. (41) . Essentially the optimal collection of velocity modes that best fit the actual transport velocity distributions is determined from the experimental data. As detailed in (41), for a given velocity, the probability of this velocity belonging to every velocity mode is calculated and the calculated probabilities for all velocity modes are sorted. The given velocity is then assigned to the velocity mode that has the highest probability. For each genotype, different modes in cargo velocities were identified by model-based clustering of the collection of all cargo segmental velocities using the mclust package of R (41).
Statistics
Data were first checked for normality using three different tests implemented in the nortest package of R: the Lilliefors test, the Anderson -Darling test and the Shapiro -Francis test. For those that generally follow normal distributions, their means were compared using the two-sample two-sided Student's t-test. For those following non-normal distributions, their means were compared using the permutation t-test (71) or the Wilcoxon rank-sum test.
